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We present a detailed analysis of nucleon electromagnetic and axial form factors in a holographic
soft-wall model. This approach is based on an action which describes hadrons with broken conformal
invariance and incorporates confinement through the presence of a background dilaton field. For
Nc = 3 we describe the nucleon structure in a superposition of a three valence quark state with
high Fock states including an adjustable number of partons (quarks, antiquarks and gluons) via
studying the dynamics of 5D fermion fields of different scaling dimension in anti-de Sitter (ADS)
space. According to the gauge/gravity duality the 5D fermion fields of different scaling dimension
correspond to the Fock state components with a specific number of partons. In the present appli-
cation we restrict to the contribution of 3, 4 and 5 parton components in the nucleon Fock state.
With a minimal number of free parameters (dilaton scale parameter, mixing parameters of partial
contributions of Fock states, coupling constants in the effective Lagrangian) we achieve a reasonable
agreement with data for the nucleon form factors.
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I. INTRODUCTION
Based on the gauge/gravity duality [1], a class of AdS/QCD approaches which model QCD by using methods
of extra-dimensional field theories formulated in anti-de Sitter (AdS) space, was recently successfully developed for
describing the phenomenology of hadronic properties (for a recent review see e.g. [2]). One of the popular formalisms of
this kind is the “soft-wall” model [3]-[24], which uses a soft infrared (IR) cutoff in the fifth dimension. This procedure
can be introduced in the following ways: i) as a background field (dilaton) in the overall exponential of the action
(“dilaton” soft-wall model), ii) in the warping factor of the AdS metric (“metric” soft-wall model), iii) in the effective
potential of the action. In Ref. [24] we showed that these three ways of proceeding are equivalent to each other via a
redefinition of the bulk fields and by inclusion of extra effective potentials in the action. In our opinion, the ”dilaton”
form of the soft-wall model is more convenient in performing the calculations.
Applications of the soft-wall model to baryon physics have been worked out in Refs. [9, 15, 18, 20, 22, 24, 25],
where the mass spectrum of light and heavy baryons, and electromagnetic and gravitational form factors have been
calculated. We should stress that during last years significant progress in understanding of baryon structure using
methods of AdS/QCD has been achieved [20, 26–32]. In particular, different types of hard-wall models have been
suggested and developed in Refs. [20, 26–28]. Solitonic approaches, where stable solitons arise from an effective
mesonic action which are 5D analogues of 4D Skyrmions, have been suggested in Refs. [29]. Direct derivations of
holographic solitonic approaches for baryons from string theories have been proposed in Refs. [30, 31]. In reference to
the 5D soliton AdS/QCD models developed in Refs. [29–31] we view our approach as an effective or phenomenological
framework describing baryons in terms of fermion fields. As stressed in Ref. [27] this is not in contradiction with basic
principles of QCD, because in 4D QCD the baryons can be described as skyrmions of the chiral meson Lagrangian
or equivalently in terms of separate fermion fields coupled to mesons. In our approach the fermion bulk fields are
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2characterized by the 5D mass µ (scaling dimension), which is holographically dual to N – the number of partons in
baryons. Both quantities scale in the large Nc expansion as µ ∼ N ∼ Nc, which means that the baryon is a bound
state of Nc quarks. This is consistent with large Nc QCD. On the other hand, keeping in mind that in QCD the
number of colors is equal Nc = 3, we in physical applications identify the AdS fermion field of lowest dimension with
the baryons containing three quarks. We do not restrict to the three-valence quark picture of baryons and also include
higher Fock states involving nonvalence degrees of freedom. The latter are dual to the AdS fermion fields of higher
dimension.
Here we present a detailed analysis of the nucleon electromagnetic form factors in a holographic soft-wall model
considering the inclusion of higher-dimensional fermion fields. Thus high-Fock state contributions are holographically
incorporated in the nucleon. This novel approach is based on an action which describes hadrons with broken conformal
invariance and which incorporates confinement through the presence of a background dilaton field. Notice that the
role of higher Fock components in the pion, in the context of holographic QCD, was considered before in Refs. [19, 33].
In particular, two Fock components (qq¯ and qq¯qq¯) were included in the expansion of the pion wave function, which
was in turn used in the calculation of pion electromagnetic and γγ∗π0 transition form factors. It was argued that the
components containing gluons (e.g. qq¯g) are absent in the confinement potential.
In our framework for Nc = 3 nucleons are considered as a superposition of three valence quark states and high Fock
states including an adjustable number of partons (quarks, antiquarks and gluons) by studying the dynamics of the
5D fermion fields of different scaling dimension in anti-de Sitter (ADS) space. According to the gauge/gravity duality
the 5D fermion fields of different scaling dimension correspond to Fock state components with a specific number of
partons. We can sum the bulk fermion actions with an adjustable 5D fermion mass, which is related to the scaling
dimension (or the number of partons in the nucleon). This action is consistent with C–, P– and T –invariance. Also,
electromagnetic gauge invariance is fulfilled. Therefore, the main advantage of our approach is that it allows to include
dynamically any adjustable number of higher Fock states in the nucleon. For this first time we restrict ourselves to
the contribution of 3, 4 and 5 parton components in the nucleon Fock state.
The paper is structured as follows. First, in Sec. II, we briefly discuss the basic notions of the approach. In Sec. III,
we consider applications of our approach to the electromagnetic properties of the nucleon. Finally, in Sec. IV, we
summarize our results.
II. APPROACH
We consider the propagation of a fermion field Ψ(x, z) with spin J = 1/2 in 5-dimensional AdS space, which
contains the contributions of different twist-dimensions. In the language of the AdS/QCD dictionary it corresponds
to the inclusion of the three-quark and higher-parton states in the nucleon. For this first time we restrict ourselves to
the contribution of 3q, 3q + g, 3q + qq¯ and 3q + 2g Fock states, where q, q¯ and g denote quark, antiquark and gluon,
respectively.
The AdS metric is specified by
ds2 = gMNdx
MdxN = ηab e
2A(z) dxadxb = e2A(z) (ηµνdx
µdxν − dz2) ,
ηµν = diag(1,−1,−1,−1,−1) , (1)
whereM and N = 0, 1, · · · , 4 are the space-time (base manifold) indices, a = (µ, z) and b = (ν, z) are the local Lorentz
(tangent) indices, and gMN and ηab are curved and flat metric tensors, which are related by the vielbein ǫ
a
M (z) =
eA(z) δaM as gMN = ǫ
a
Mǫ
b
Nηab. Here z is the holographic coordinate, R is the AdS radius, and g = |detgMN | = e10A(z).
In the following we restrict ourselves to a conformal-invariant metric with A(z) = log(R/z).
The main idea for describing the nucleon in AdS/QCD is based on the correspondence (see detailed discussion
in Refs.[27, 28, 32]) between the spinor fields propagating in the bulk space and the QCD interpolating operators
creating the nucleons on the boundary of AdS space. The appropriate boundary conditions for the bulk field on the
boundary of AdS space ensure that such correspondence is precise due to the equivalence of the functional integrals
of both the boundary and bulk theories. In particular, in the boundary theory (QCD) we define the left- and right-
handed chiral doublets of nucleons OL = (pL, nL)T and OR = (pR, nR)T , which are fundamental representations of
the chiral SUL(2) and SUR(2) subgroups. Since the chiral symmetry of the boundary theory is equivalent to the
gauge symmetry in the bulk, we need to introduce the pair of bulk fermion fields Ψ±(x, z), which are holographic
analogues of the OR/L operators. In particular, the bulk fields Ψ±(x, z) contain important information about the
baryon structure. On one side, their boundary values (non-normalizable solutions) are analogues of the sources for
the QCD interpolating operators, which then via the evaluation of the Euclidean generating functionals produce
the correlation functions of QCD operators. On the other side, these fields contain normalizable modes (these are
regular and therefore are vanishing on the boundary) - profiles in extra dimension, which correspond to the baryon
3wave functions or expectation values of QCD operators. In our approach the conformal and chiral symmetries are
spontaneously broken via the introduction of the background field (dilaton) ϕ(z) in the effective action. We choose
the quadratic dependence of the dilaton on the holographic coordinate z, i.e. ϕ(z) = κ2z2 with κ being a free scale
parameter, which scales as O(√Nc) in the large Nc-expansion. In particular, later we show that the nucleon (baryon)
mass is proportional to the parameter κ, which is consistent with large Nc QCD: MN ∼ κ
√
Nc ∼ Nc. The dilaton can
be considered as the expectation value of the scalar bulk field with dimension 2, which is holographically dual to the
dimension-2 gluon operator A2µ. Therefore, κ
2 is related to the vacuum expectation value (VEV) 〈αsA2µ〉 ∼ Nc and
scales as κ ∼ √Nc. Note, the dimension-2 gluon operator A2µ has been discussed in the literature (see e.g. Refs. [34]-
[38]). The interpretation of the dilaton as the quantity dual to the condensate of the dimension-2 operator has been
done in the framework of the soft-wall model [8] where the dilaton was introduced in the warping factor, breaking the
conformal-invariant background metric. The main advantage of the dilaton with quadratic profile is the possibility to
produce linear Regge-like trajectories for hadron masses. On the other hand, a quadratic form of the dilaton profile
is not unique. For example, in the Liu-Tseytlin model (a type of top-down AdS/QCD approach) [39], the conformal
invariance is violated by the dilaton, taken in the form eϕ(z) = 1+ qz4. The parameter q, according to the AdS/QCD
dictionary [40], is related to the matrix element of a QCD operator: in particular, the scalar 〈αsG2µν〉 ∼ Nc and
pseudoscalar 〈αsGµνG˜µν〉 ∼ Nc gluon condensates.
An additional source for the breaking of chiral and conformal symmetries is the coupling of the Ψ+(x, z) and
Ψ−(x, z) fields, which is an essential basic block of hard-wall AdS/QCD approaches. In latter models the conformal
invariance is broken by the introduction of an infrared brane, cutting the AdS geometry in the z-direction. In addition
the couplings of the Ψ+(x, z) and Ψ−(x, z) fields with the scalar bulk field of dimension-3 are included. Due to the
existence of a VEV of this scalar field, the chiral and conformal invariances are broken. In our approach such a
mechanism could in principle be included, however it is a higher-order effect since it is generated by operators of
dimension higher than 2. In particular, an extra power of the holographic coordinate gives the extra power of 1/κ,
which scales as 1/
√
Nc. In Appendix A we explicitly demonstrate how the coupling between Ψ+(x, z) and Ψ−(x, z)
fields modifies our formalism. In the following consideration (including the physical applications) we neglect such a
coupling.
The relevant AdS/QCD action for the description of the nucleon electromagnetic and axial form factors is con-
structed in terms of the fermion fields Ψ±,τ(x, z) with spin J = 1/2 and scaling dimension τ (the isospin index
corresponding to the proton and neutron components is suppressed for simplicity), the vector field VM (x, z) with spin
J = 1 (holographic analogue of the electromagnetic field) and the axial field AM (x, z) (holographic analogue of the
axial isovector field) [18, 20, 22, 24]:
S =
∫
d4xdz
√
g e−ϕ(z)
{
LΨ(x, z) + LV+A(x, z) + Lint(x, z)
}
,
LΨ(x, z) =
∑
i=+,−
∑
τ
cτ Ψ¯i,τ (x, z) Dˆi(z)Ψi,τ (x, z) ,
LV+A(x, z) = −1
4
VMN (x, z)V
MN (x, z)− 1
4
AMN (x, z)A
MN (x, z) ,
Lint(x, z) =
∑
i=+,−
∑
τ
cτ Ψ¯i,τ (x, z)
{
Vˆi(x, z) + Aˆi(x, z)
}
Ψi,τ (x, z) , (2)
where
Dˆ±(z) = i
2
ΓM
↔
∂M ∓ (µ+ UF (z)) ,
Vˆ±(x, z) = QΓMVM (x, z) ± i
4
ηV [Γ
M ,ΓN ]VMN (x, z) ± gV τ3 ΓM iΓz VM (x, z) ,
Aˆ±(x, z) = τ3
2
(
∓ ΓMAM (x, z) + i
4
ηA [Γ
M ,ΓN ]AMN (x, z) + gA Γ
M iΓz AM (x, z)
)
. (3)
Here FMN = ∂MFN − ∂NFM (F = V,A) is the stress tensor of the vector (axial) field, Q = diag(1, 0) is the nucleon
charge matrix, τ3 = diag(1,−1) is the Pauli isospin matrix, A
↔
∂ B ≡ A(∂B)− (∂A)B, ϕ(z) = κ2z2 is the dilaton field
with κ being a free scale parameter. ΓM = ǫMa Γ
a and Γa = (γµ,−iγ5) are the five-dimensional Dirac matrices (we
use the chiral representation for the γµ and γ5 matrices; see details in Appendix B). Note that the non-abelian part
of the action is irrelevant for the results predicted in the paper: the mass spectrum, the electromagnetic and axial
isovector form factors of nucleons. The quantity µ is the bulk fermion mass related to the scaling dimension τ as
m = µR = τ − 3/2. Notice that the scaling dimension of the AdS fermion field is holographically identified with the
4scaling dimension of the baryon interpolating operator τ = N + L, where N is the number of partons in the baryon
and L = max |Lz| is the maximal value of the z-component of the quark orbital angular momentum in the light-front
wavefunction [4, 7]. In the following we restrict to the ground state of nucleons with L = 0. UF (z) = ϕ(z)/R is
the dilaton field dependent effective potential. Its presence is necessary due to the following reason. The form of
the potential UF (z) is constrained in order to get solutions of the EOMs for the fermionic Kaluza-Klein (KK) modes
of left and right chirality, and to have the correct asymptotics of the nucleon electromagnetic form factors at large
Q2 [18, 20, 22].
Notice that the fermion masses m and effective potentials UF (z) corresponding to the fields Ψ+ and Ψ− have
opposite signs according to the P -parity transformation (see details in Appendix B). In particular, the absolute sign
of the fermion mass is related to the chirality of the boundary operator [27, 28]. According to our conventions the
QCD operators OR and OL have positive and negative chirality, and therefore the mass terms of the bulk fields Ψ+
and Ψ− have absolute signs “plus” and “minus”, respectively. In Refs. [27, 28] a different convention for left- and
right-handed Weyl spinors was used, which is of course irrelevant for observable properties. In addition to the minimal
coupling of the fermion with the vector and the axial fields, we also include other possible (nonminimal) couplings.
In particular we introduce: 1) a nonminimal coupling of fermion and vector fields in order to generate the Pauli form
factors of the nucleon; 2) a minimal-type coupling, which is absent in four dimensions, but exists in five dimensions.
In Appendix B we explicitly demonstrate that these couplings are consistent with P–, C– and T –parity conservation.
We will show that these terms do not renormalize the electric charge of the bulk fields and contribute only to the
Q2-dependence or to the slopes of the Dirac nucleon form factors. The coupling gV is a free parameter which is not
constrained by gauge invariance or discrete symmetries (P–, C– or T -parity conservation). We will fix these terms
by improving the description of the electromagnetic nucleon radii. The diagonal matrix ηV = diag{ηpV , ηnV } contains
the coupling constrained by the anomalous magnetic moments kp,n of the nucleons (kp = 1.793 and kn = −1.913 are
given in units of nucleon magnetons or n.m.) as ηp,nV ∼ kp,n · κ/mN where mN is the nucleon mass.
In the case of the axial field we additionally include: 1) the nonminimal coupling of fermion and axial fields, which
does not renormalize the axial charge, but gives a nontrivial contribution to the Q2-dependence and to the slope of
the corresponding axial isovector form factor of the nucleon; 2) the axial-type coupling proportional to the nucleon
charge, which defines the leading contribution to the isovector axial form factor of the nucleon.
The fields Ψτ describe the AdS fermion field with different scaling dimension τ , which in the large Nc expansion
scales as τ ∼ Nc. Restricting to a finite number of colors Nc = 3, we use τ = 3, 4, 5, etc. In this paper we restrict
to the three leading contributions τ = 3, 4 and 5. According to the AdS/QCD dictionary the fermion field Ψτ=3
is the holographic analogue of the nucleon interpolating operator with twist-dimension 3, which means that the
corresponding nucleon Fock state contains 3 valence quarks. The fermion field Ψτ=4 effectively models the nucleon
operator with twist-4 (the corresponding Fock state contains 4 partons – 3 valence quarks plus a gluon field). Finally,
the fermion field Ψτ=5 models the nucleon operators with twist-5. The corresponding Fock states contain 5 partons:
(1) 3 valence quarks plus a qq¯ pair of sea quarks or (2) 3 valence quarks plus 2 gluons. Therefore, the coefficients cτ are
a set of parameters which take into account the mixing of AdS fermion fields with different scaling dimension τ . The
set of mixing parameters cτ is constrained by the correct normalization of the kinetic term of the four-dimensional
spinor field and by charge conservation as
∑
τ cτ = 1 (see details below). In the consideration of the vector (axial)
field we apply the axial gauge V (A)z(x, z) = 0.
In Figs. 1-3 we give an illustration for the inclusion of twist-3 (Fig.1), twist-4 (Fig.2) and twist-5 (Fig.3) partonic
Fock states in the description of electromagnetic transition between nucleons. Due do the gauge/gravity duality we
identify the respective sets of QCD diagrams to the corresponding vector-current transition matrix elements involving
the fermion field of corresponding twist-dimension. One should stress that AdS/QCD gives a unique possibility to
describe a set of QCD diagrams just by one graph (for each partonic content of the nucleon) and obtain predictions
for hadronic observables in analytical form.
Finalizing our discussion of the 5D effective action (2) we would like to point out again that it obeys P–, C–
and T –invariance. This action further contains new terms describing the interaction of vector and axial fields with
fermions, which were not considered before in the context of AdS/QCD. These new terms do not renormalize the
charge (i.e. vanish at Q2 = 0), but they contribute to the Q2–dependence and the slopes of the corresponding form
factors. Their relevance for giving a sufficient description of the data will be shown further on.
A. Mass spectrum
One advantage of the soft-wall AdS/QCD model is that most of the calculations can be done analytically. In a first
step, we show how in this approach the baryon spectrum and wave functions are generated. We follow the procedure
5pursued in Refs. [18, 20, 22, 24]. Dropping the vector and axial fields, and rescaling the fermionic fields as
Ψi,τ (x, z) = e
ϕ(z)/2ψi,τ (x, z), (4)
we remove the dilaton field from the overall exponential. In terms of the field ψτ (x, z) the modified action in the
Lorentzian signature reads as
S0 =
∫
d4xdz e4A(z)
∑
i=+,−
∑
τ
cτ ψ¯i,τ (x, z)
{
i 6∂ + γ5∂z + 2A′(z)γ5 − δi e
A(z)
R
(
m+ ϕ(z)
)}
ψi,τ (x, z) , (5)
where 6∂ = γµ ∂µ, δ± = ±1 and the fermion field ψi,τ (x, z) satisfies the following equation of motion (EOM) [18, 20,
22, 24]: [
i 6∂ + γ5∂z + 2A′(z)γ5 ∓ e
A(z)
R
(
m+ ϕ(z)
)]
ψ±,τ (x, z) = 0 . (6)
Based on these solutions the fermionic action should be extended by an extra term in the ultraviolet boundary (see
details in Refs. [20, 32]) in order to guarantee the gauge/gravity correspondence — equivalence between the AdS
functional integral and the generating functional for correlation functions in QCD.
Next we split the fermion field into left- and right-chirality components
ψi,τ (x, z) = ψ
L
i,τ (x, z) + ψ
R
i,τ (x, z) , ψ
L/R
i,τ (x, z) =
1∓ γ5
2
ψi,τ (x, z) , γ
5ψ
L/R
i,τ (x, z) = ∓ψL/Ri,τ (x, z) . (7)
and perform a KK expansion for the ψ
L/R
i,τ (x, z) fields:
ψ
L/R
i,τ (x, z) =
1√
2
∑
n
ψL/Rn (x) F
L/R
i,τ,n(z) , (8)
where ψ
L/R
n (x) are the four-dimensional boundary fields (KK modes). These are Weyl spinors forming the Dirac
bispinors ψn(x) = ψ
L
n (x) + ψ
R
n (x), and F
L/R
i,τ,n(z) are the normalizable profile functions. Due to four-dimensional P -
and C-parity invariance the bulk profiles are related as (see details in Appendix B)
FR±,τ,n(z) = ∓FL∓,τ,n(z) . (9)
Using this constraint in the following we use the simplified notations:
FRτ,n(z) ≡ FR+,τ,n(z) = −FL−,τ,n(z) ,
FLτ,n(z) ≡ FL+,τ,n(z) = FR−,τ,n(z) . (10)
Note that the profiles F
L/R
τ,n (z) are the holographic analogues of the nucleon wave functions with specific radial
quantum number n and twist dimension τ (the latter corresponds to the specific partonic content of the nucleon Fock
component), which satisfy the two coupled one-dimensional EOMs [18, 20, 22]:[
∂z ± e
A
R
(
m+ ϕ
)
+ 2A′
]
FL/Rτ,n (z) = ±MnτFR/Lτ,n (z) . (11)
Therefore, our main idea is to find the solutions for the bulk profiles of the AdS field in the z–direction, and then
calculate the physical properties of hadrons. After straightforward algebra one can obtain the decoupled EOMs:[
−∂2z − 4A′∂z +
e2A
R2
(m+ ϕ)2 ∓ e
A
R
(
A′(m+ ϕ) + ϕ′
)
− 4A′2 − 2A′′
]
FL/Rτ,n (z) =M
2
nτF
L/R
τ,n (z) . (12)
Doing the substitution
FL/Rτ,n (z) = e
−2A(z) fL/Rτ,n (z) (13)
we derive the Schro¨dinger-type EOM for f
L/R
τ,n (z)[
−∂2z +
e2A
R2
(m+ ϕ)2 ∓ e
A
R
(
A′(m+ ϕ) + ϕ′
)]
fL/Rτ,n (z) =M
2
nτ f
L/R
τ,n (z) . (14)
6For A(z) = log(R/z), ϕ(z) = κ2z2 we get[
−∂2z + κ4z2 + 2κ2
(
m∓ 1
2
)
+
m(m± 1)
z2
]
fL/Rτ,n (z) =M
2
nτ f
L/R
τ,n (z), (15)
where
fLτ,n(z) =
√
2Γ(n+ 1)
Γ(n+ τ)
κτ zτ−1/2 e−κ
2z2/2 Lτ−1n (κ
2z2) , (16)
fRτ,n(z) =
√
2Γ(n+ 1)
Γ(n+ τ − 1) κ
τ−1 zτ−3/2 e−κ
2z2/2 Lτ−2n (κ
2z2) (17)
and
M2nτ = 4κ
2
(
n+ τ − 1
)
(18)
with
∞∫
0
dz fL/Rτ,n1 (z) f
L/R
τ,n2 (z) = δn1n2 . (19)
Here
Lτn(x) =
x−τex
n!
dn
dxn
(
e−xxτ+n
)
(20)
are the generalized Laguerre polynomials. In above formulas we substituted m = τ − 3/2.
One can see that the functions F
L/R
τ,n (z) = e−2A(z) f
L/R
τ,n (z) have the correct scaling behavior for small z
FLτ,n(z) ∼ zτ+3/2 , FRτ,n(z) ∼ zτ+1/2 (21)
when identified with the corresponding nucleon wave functions with twist τ , and vanish at large z (confinement).
Below, in the discussion of the electromagnetic properties of the nucleon, we explicitly demonstrate that the Dirac
and Pauli form factors have the correct scaling dependence at large Q2.
The nucleon mass is identified with the expression
Mn =
∑
τ
cτ Mnτ = 2κ
∑
τ
cτ
√
n+ τ − 1 . (22)
Due to the dilaton the chiral and conformal symmetries are spontaneously broken in our approach. Switching off the
dilaton field (which corresponds to the limit κ = 0) leads to the restoration of the chiral and conformal symmetries.
In particular, the masses of the bulk profiles f
L/R
τ,n (z) and the nucleon mass vanish in this limit. As we stressed
before, the nucleon (baryon) mass is proportional to the parameter κ and this is consistent with large Nc QCD:
MN ∼ κ
√
τ ∼ Nc, where τ ∼ Nc. On the other hand, it is known that the nucleon (baryon) mass is proportional
to the quark condensate |〈q¯q〉| (so-called Ioffe formula) [41]. It means that our soft-wall model indicates that there
could be a relation between condensates of the dimension-2 gluon operator OA2 = A2µ and dimension-3 scalar quark-
antiquark operator Oq¯q = q¯q. As we show in Appendix A the contribution of the condensate of the dimension-3 scalar
bulk field into the nucleon mass is suppressed by one order of Nc. It means that in the dilaton-type of the soft-wall
model the dilaton gives the leading contribution to the spontaneous breaking of chiral symmetry (and therefore to
the nucleon mass) in comparison with the dimension-3 scalar bulk field.
Integration over the holographic coordinate z, with the use of the normalization condition (19) for the profile
functions f
L/R
τ,n (z), gives a four-dimensional action for the fermion field ψn(x) = ψ
L
n (x) + ψ
R
n (x):
S0 =
∑
n
∫
d4x ψ¯n(x)
[
i 6∂ −Mn
]
ψn(x) . (23)
This last equation is a manifestation of the gauge-gravity duality. It explicitly demonstrates that effective actions for
conventional hadrons in 4 dimensions can be generated from actions for bulk fields propagating in 5 dimensional AdS
space. The effect of the extra-dimension is encoded in the hadronic mass squared (in our case in the nucleon massMn,
where n is the radial quantum number), which is the superposition of the solutions of the Schro¨dinger equation (14)
for the KK profiles in the extra dimension. Notice that the constraint
∑
τ cτ = 1 for the mixing parameters cτ was
essential in order to get the correct normalization of the kinetic term ψ¯n(x)i 6 ∂ψn(x) of the four-dimensional spinor
field.
7B. Electromagnetic structure of nucleons
The nucleon electromagnetic form factors FN1 and F
N
2 (N = p, n correspond to proton and neutron) are conven-
tionally defined by the matrix element of the electromagnetic current as
〈p′|Jµ(0)|p〉 = u¯(p′)
[
γµFN1 (t) +
i
2mN
σµν qνF
N
2 (t)
]
u(p), (24)
where q = p′ − p is the momentum transfer and t = q2; mN is the nucleon mass; and FN1 and FN2 are the Dirac
and Pauli form factors, which are normalized to the electric charge eN and anomalous magnetic moment kN of the
corresponding nucleon: FN1 (0) = eN and F
N
2 (0) = kN .
In our approach the nucleon form factors are generated by the action
SVint =
∫
d4xdz
√
g e−ϕ(z)LVint(x, z) (25)
containing the minimal and nonminimal couplings of fermion and vector AdS fields. The expressions for the Dirac
and Pauli nucleon form factors are given by:
F p1 (Q
2) = C1(Q
2) + gV C2(Q
2) + ηpV C3(Q
2) ,
F p2 (Q
2) = ηpV C4(Q
2) ,
(26)
Fn1 (Q
2) = −gV C2(Q2) + ηnV C3(Q2) ,
Fn2 (Q
2) = ηnV C4(Q
2),
where Q2 = −t and Ci(Q2) are the structure integrals:
C1(Q
2) =
1
2
∞∫
0
dz V (Q, z)
∑
τ
cτ
(
[fLτ (z)]
2 + [fRτ (z)]
2
)
,
C2(Q
2) =
1
2
∞∫
0
dz V (Q, z)
∑
τ
cτ
(
[fRτ (z)]
2 − [fLτ (z)]2
)
,
C3(Q
2) =
1
2
∞∫
0
dzz ∂zV (Q, z)
∑
τ
cτ
(
[fLτ (z)]
2 − [fRτ (z)]2
)
,
C4(Q
2) = 2mN
∞∫
0
dzz V (Q, z)
∑
τ
cτ f
L
τ (z)f
R
τ (z) . (27)
The functions f
R/L
τ (z) ≡ fR/Lτ,n=0(z) are the bulk profiles of fermions with n = 0 (corresponding to the ground-state
nucleon with radial quantum number n = 0) found in the previous subsection:
fLτ (z) =
√
2
Γ(τ)
κτ zτ−1/2 e−κ
2z2/2 , (28)
fRτ (z) =
√
2
Γ(τ − 1) κ
τ−1 zτ−3/2 e−κ
2z2/2 . (29)
V (Q, z) is the bulk-to-boundary propagator of the transverse massless vector bulk field (the holographic analogue of
the electromagnetic field) defined as
Vµ(x, z) =
∫
d4q
(2π)4
e−iqxVµ(q)V (q, z) (30)
and obeys the following EOM
∂z
(
e−ϕ(z)
z
∂zV (q, z)
)
+ q2
e−ϕ(z)
z
V (q, z) = 0 , (31)
8which is derived from the action
SV =
∫
d4xdz
√
g e−ϕ(z)LV (x, z) . (32)
In the soft-wall model the solution for V (Q, z) is given in analytical form in terms of the Gamma Γ(n) and Tricomi
U(a, b, z) functions:
V (Q, z) = Γ
(
1 +
Q2
4κ2
)
U
(
Q2
4κ2
, 0, κ2z2
)
. (33)
The bulk-to-boundary propagator V (Q, z) obeys the normalization condition V (0, z) = 1 consistent with gauge
invariance and fulfills the following ultraviolet (UV) and infrared (IR) boundary conditions :
V (Q, 0) = 1 , V (Q,∞) = 0 . (34)
The UV boundary condition corresponds to the local (structureless) coupling of the electromagnetic field to matter
fields, while the IR boundary condition implies that the vector field vanishes at z =∞.
In order to obtain analytical expressions for the functions Ci(Q
2) (see Appendix C) it is convenient to use the
integral representation for V (Q, z) introduced in Ref. [11]
V (Q, z) = κ2z2
∫ 1
0
dx
(1− x)2 x
Q2
4κ2 e
−
κ2z2x
1− x , (35)
where the variable x is equivalent to the light-cone momentum fraction [5].
There are a few very important properties of the Ci(Q
2) functions. At Q2 = 0 they are normalized as
C1(0) = 1 , C2(0) = C3(0) = 0 , C4(0) =
2mN
κ
∑
τ
cτ
√
τ − 1 . (36)
The normalizations of Ci (i = 1, 2, 3) are consistent with gauge invariance (the charge normalization for nucleons). In
particular, this means that the proton and neutron Dirac form factors are normalized accordingly:
F p1 (0) = 1, F
n
1 (0) = 0 . (37)
Here we take into account the constraint
∑
τ cτ = 1 of the mixing parameters cτ , which is also essential to get the
correct normalization of the kinetic term of the four-dimensional spinor field on the boundary of AdS space. The
anomalous magnetic moments of the nucleons N = p, n are given by
κN = η
N
V C4(0) =
2ηNV mN
κ
∑
τ
cτ
√
τ − 1 . (38)
In the analysis of the electromagnetic form factors we will use the dipole formula
GD(Q
2) =
1
(1 +Q2/Λ2)2
, (39)
where Λ2 = 0.71 GeV2.
C. Axial isovector form factor of nucleons
The nucleon isovector axial form factor GA(t) is conventionally defined by the matrix element of the axial isovector
current as
〈p′|Aµ3 (0)|p〉 = u¯(p′)
[
γµGA(t) +
qµ
2mN
GP (t)
]
γ5
τ3
2
u(p) , (40)
which is normalized to the nucleon axial charge GA(0) = gA.
9In our approach the GA(Q
2) form factor is generated by the action
SAint =
∫
d4xdz
√
g e−ϕ(z)LAint(x, z) (41)
containing the minimal and nonminimal couplings of fermion and axial-vector AdS fields. The expression for the axial
isovector nucleon form factor is given by:
GA(Q
2) = gAD1(Q
2) +D2(Q
2) + ηAD3(Q
2) , (42)
where Di(Q
2) are the structure integrals:
D1(Q
2) =
1
2
∞∫
0
dz A(Q, z)
∑
τ
cτ
(
[fLτ (z)]
2 + [fRτ (z)]
2
)
,
D2(Q
2) =
1
2
∞∫
0
dz A(Q, z)
∑
τ
cτ
(
[fLτ (z)]
2 − [fRτ (z)]2
)
,
D3(Q
2) = −1
2
∞∫
0
dzz ∂zA(Q, z)
∑
τ
cτ
(
[fLτ (z)]
2 + [fRτ (z)]
2
)
. (43)
Now A(Q, z) is the bulk-to-boundary propagator of the transverse massless axial bulk field (the holographic analogue
of the axial isovector field). In our approximation it coincides with V (Q, z). The functions Di(Q
2) at Q2 = 0 are
normalized as
D1(0) = 1 , D2(0) = D3(0) = 0 . (44)
As in the case of the Ci functions these results are based on the normalization properties of the bulk profiles f
R/L(z)
and the constraint condition
∑
τ cτ = 1.
Our prediction for the form factor GA(Q
2) will be compared to the dipole fit formula
GDA (Q
2) =
gA
(1 +Q2/M2A)
2
(45)
extracted from neutrino scattering experiments, where MA = 1.026± 0.021 GeV [43].
III. RESULTS
In this section we present the related numerical analysis of nucleon properties: magnetic moments (µp = 1 + κp,
µn = κn), electromagnetic and axial radii (r
p
E , 〈r2E〉n, rpM , rnM , rA), isovector axial and electromagnetic Dirac, Pauli
and Sachs form factors and their ratios in the Euclidean region.
We first want to recall the definitions of the Sachs form factors GE/M (Q
2), the electromagnetic 〈r2E/M 〉N and
isovector axial 〈r2A〉 radii:
GNE (Q
2) = FN1 (Q
2)− Q
2
4m2N
FN2 (Q
2) , GNM (Q
2) = FN1 (Q
2) + FN2 (Q
2) ,
〈r2E〉N = −6
dGEN (Q
2)
dQ2
∣∣∣∣
Q2=0
, 〈r2M 〉N = −
6
GNM (0)
dGNM (Q
2)
dQ2
∣∣∣∣
Q2=0
,
〈r2A〉 = −
6
GA(0)
dGA(Q
2)
dQ2
∣∣∣∣
Q2=0
, (46)
with GNM (0) ≡ µN and GA(0) ≡ gA.
The five free parameters κ, c3, c4, gV and ηA are fixed to the values
κ = 383 MeV , c3 = 1.25 , c4 = 0.16 , gV = 0.3 , ηA = 0.5 . (47)
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Note that the parameter c5 is expressed through c3 and c4 as
c5 = 1− c3 − c4 = −0.41 . (48)
Here the parameters c3, c4 are constrained by the nucleon mass. The parameter κ is fixed by the nucleon mass and
the electromagnetic radii. The parameters gV and ηA are fitted by fine tuning of the neutron electromagnetic and
nucleon axial radius, respectively. Notice also that the other parameters are fixed by the magnetic moments and the
axial charge of nucleons and should not be counted as free parameters:
gA = 1.270 , η
p
V =
κ (µp − 1)
2mN C0
= 0.30 , ηnV =
κµn
2mN C0
= −0.32 , C0 =
√
2 c3 +
√
3 c4 + 2c5 . (49)
In Table I we present the results for the nucleon mass and the electroweak properties of nucleons. Results for the
nucleon electromagnetic form factors in comparison to known data are shown in Figs. 4-14. In particular, in Figs.4, 6
and 7 we present the ratios of proton charge and nucleon magnetic form factors to the dipole form factor GD. In Fig.5
we present the results for ratio µpG
p
E(Q
2)/GpM (Q
2). In Fig. 8 and 9 we present the prediction for the charge neutron
form factor and the ratio GnE(Q
2)/GnM (Q
2). In Figs.10 and 11 we present the predictions for the Dirac nucleon form
factors multiplied by Q4. Figs.12 and 13 show the ratios of the Pauli and Dirac form factors of the proton multiplied
with Q2 and with Q2/ log2(Q2/Λ2), where Λ = 0.3 GeV. Finally, in Fig.14 we present the predictions for the ratio of
nucleon axial isovector form factor to the dipole form factor GDA (Q
2).
We demonstrated that the soft-wall holographic model in the semiclassical approximation reproduces the main
features of the electromagnetic structure of the nucleon. In particular, we achieved the following results: the analytical
power scaling of the elastic nucleon form factors at large momentum transfers in accordance with quark-counting rules;
reproduction of experimental data for magnetic moments and electromagnetic radii.
One can see that with a minimal number of free parameters (five parameters) we obtain a reasonable description
of the nucleon electromagnetic and axial-vector form factors including the correct power scaling at large Q2. It
demonstrates that the soft-wall model successfully describes nucleon structure at any resolution scale. In a next step,
one can include effects of quark masses and extend the approach to nucleon resonances, light baryons with higher
spins, strange and heavy baryons.
IV. SUMMARY
We presented a soft-wall model which allows to include higher Fock states in the analysis of the nucleon structure.
This approach is based on an action which describes hadrons with broken conformal invariance and incorporates
confinement through the presence of a background dilaton field. For Nc = 3 the nucleon is described in terms of a
superposition of the three valence quark state with high Fock states with an adjustable number of partons (quarks,
antiquarks and gluons). Its structure is determined by studying the dynamics of 5D fermion fields of different scaling
dimension in anti-de Sitter (ADS) space. According to the gauge/gravity duality the 5D fermion fields of different
scaling dimension correspond to Fock state components with a specific number of partons. For the first application
we restrict ourselves to the contribution of 3, 4 and 5 parton components in the nucleon Fock state. The role of higher
Fock components in the context of holographic QCD has been already considered in the case of the pion [19, 33].
In particular, two components (qq¯ and qq¯qq¯) were included in the expansion of the pion wave function, which was
then used in the calculation of pion electromagnetic and γγ∗π0 transition form factors. It was further argued that
the components containing gluons (e.g. qq¯g) are absent in the confinement potential. In our case the contribution of
the twist-4 component containing three constituent quarks and a single gluon is not zero, but is suppressed, which
is partially in line with the conclusion of Refs. [19, 33]. On the other hand, our mechanism generating the inclusion
of higher Fock states is different from the one suggested in [19, 33]. Additionally, the pion and the nucleon are quite
different hadronic bound states, and therefore, the role of Fock states containing gluons could be different. We think
that this issue requires further investigation.
We presented a detailed analysis of nucleon electromagnetic and axial form factors. With a minimal number of free
parameters (dilaton scale parameter, mixing parameters of the partial contributions of Fock states, a few coupling
constants in the effective Lagrangian) we achieved a reasonable agreement with data for the nucleon electromagnetic
and axial isovector form factors. Note that all form factors have the correct scaling at large Q2. As next applications
we plan to extend our approach to nucleon resonances (e.g. Roper) and baryons with strangeness. There is also
a possibility to study nuclear systems using methods of AdS/QCD via studying dynamics of 5D fields of higher
dimensions, which holographically correspond to nuclei with a specific number of nucleons and electrons.
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Appendix A: Coupling of Ψ+(x, z) and Ψ−(x, z) fermion fields
Following Ref. [27] we introduce the Yukawa-type coupling of Ψ+(x, z) and Ψ−(x, z) fields with the bulk scalar field
X(x, z) dual to the dimension-3 quark operator Oq = q¯q:
LY (x, z) = − g
R
(
Ψ¯−(x, z)X(x, z)Ψ+(x, z) + Ψ¯+(x, z)X
†(x, z)Ψ−(x, z)
)
, (A1)
where g is the coupling constant, which scales in large Nc expansion as g ∼
√
Nc. As originally was shown, the VEV
of the scalar bulk field X0(z) is the linear combination of two solutions (see e.g. Ref. [3]), which for asymptotically
small z behaves as:
X0(z)→ 1
2
mˆz +
1
2
Σz3 , (A2)
where mˆ is the current quark mass and Σ = |〈q¯q〉| is quark condensate in the chiral limit mˆ→ 0. On the other hand,
in the original soft-wall model the infrared asymptotics z →∞ dictates that Σ is simply proportional to mˆ which is
in contradiction with QCD. It was suggested to include in the effective action the potential containing higher-order
terms in the scalar field to resolve the problem Σ ∼ mˆ. Later in Ref. [13] this idea was realized by adding a quartic
term ∼ X4(x, z) in the effective action. At the same time in Ref. [42] it was noticed that the scalar operator Oq and
its source Jq can always be rescaled by a constant a
Oq → aOq , Jq → Jq/a (A3)
keeping the product Jq Oq unchanged. Then using the arguments of large Nc QCD it was shown that the constant
a must scale as a ∼ 1/√Nc. Therefore, according to the large Nc QCD the VEV of the scalar field must obey the
following expansion:
X0(z)→
√
Nc
2
mˆz +
1
2
√
Nc
Σz3 , (A4)
where Σ ∼ Nc. It means that the contribution of the VEV of the scalar field gX0(z) scales as O(Nc). Inclusion of ψ+
and ψ− mixing modifies the EOM for the fermion fields (6) as[
i 6∂ + γ5∂z + 2A′(z)γ5 ∓ e
A(z)
R
(
m+ ϕ(z)
)]
ψ±,τ (x, z) = gX0(z)ψ∓,τ (x, z) . (A5)
After straightforward calculations we get the following EOMs for the f
L/R
τ,n (z) profiles:[
−∂2z +
e2A
R2
(m+ ϕ)2 ∓ e
A
R
(
A′(m+ ϕ) + ϕ′
)
∓ gX0(z)
M˜nτ ∓ gX0(z)
+ g2X20 (z)
]
f˜L/Rτ,n (z) = M˜
2
nτ f˜
L/R
τ,n (z) . (A6)
Here symbol “tilde” on the top of the solutions f˜
L/R
τ,n (z) and M˜nτ means that they differ from the set f
L/R
τ,n (z) and
Mnτ in case when we neglect the mixing of Ψ+ and Ψ− fermion fields. One can see that inclusion of the gX0(z) term
gives a deviation of the mass spectra from a Regge-like trajectory. Lets estimate the contribution of gX0(z) term
perturbatively using the solutions obtained for the case of a pure dilaton contribution (see Eqs. 16). In particular,
the nucleon mass shift ∆MN due to the gX0(z) term is given by
∆MN =
∑
τ
cτ ∆Mnτ , (A7)
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where
∆Mnτ =
g
2
∞∫
0
dz
z
X0(z)
[
(fLτ,n(z))
2 − (fRτ,n(z))2
]
=
g√
Nc
Σ
4κ2
. (A8)
One can see, that the term with current quark mass exactly vanishes and ∆Mnτ does not depend on twist τ . Therefore,
using our condition
∑
τ
cτ = 1 we get for the shift of the nucleon mass:
∆MN =
g√
Nc
Σ
4κ2
∼ N0c . (A9)
As we stressed before, the contribution of the VEV scalar field with dimension 3 is suppressed in comparison to the
dilaton contribution encoding the VEV of the scalar field with dimension 2 by a factor 1/Nc.
Using a typical value for the quark condensate Σ = (0.225 GeV)3 and the value of κ = 0.383 GeV we get the
estimate of
∆MN =
g√
Nc
0.02GeV . (A10)
Then taking the typical values of the coupling g ≃ 10 using in hard-wall approaches [27] we finally get ∆MN ≃ 115MeV
for Nc = 3.
Appendix B: P–, C– and T–parity transformations of bulk fields in AdS space
We use the chiral representation for the four-dimensional Dirac matrices γµ and γ5:
γ0 =

 0 1
1 0

 , γi =

 0 σi
−σi 0

 , γ5 =

 −1 0
0 1

 . (B1)
The (12 , 0) left- and (0,
1
2 ) right-handed Weyl spinors ψ
L/R(x) = 1∓γ
5
2 ψ(x) are eigenstates of the chirality operator:
γ5ψL/R = ∓ψL/R (B2)
and they form the (12 , 0)⊕ (0, 12 ) Dirac bispinor ψ = (ψL, ψR)T .
The P -parity transformations of the fermion fields ψL/R, ψ are defined as (here UP stands for the unitary operator
of P -parity transformation):
U−1P ψ
L/R(t, ~x)UP = γ
0ψR/L(t,−~x) and U−1P ψ(t, ~x)UP = γ0ψ(t,−~x) ,
U−1P ψ¯
L/R(t, ~x)UP = ψ¯
R/L(t,−~x)γ0 and U−1P ψ¯(t, ~x)UP = ψ¯(t,−~x)γ0 . (B3)
Next we define the P -parity transformations of the five-dimensional bulk fields (1/2-fermion, vector and axial fields;
in case of 1/2-fermion fields we drop the summation over radial quantum number):
U−1P Ψτ,±(t, ~x, z)UP = ±γ0γ5Ψτ,∓(t,−~x, z) ,
U−1P Ψ¯τ,±(t, ~x, z)UP = ±Ψ¯τ,∓(t,−~x, z) γ0γ5 ,
U−1P
(
V 0(t, ~x, z), V i(t, ~x, z), 0
)
UP =
(
V 0(t,−~x, z),−V i(t,−~x, z), 0
)
,
U−1P
(
A0(t, ~x, z), Ai(t, ~x, z), 0
)
UP = −
(
A0(t,−~x, z),−Ai(t,−~x, z), 0
)
. (B4)
From the above equations we get the following conditions between the bulk profiles of fermion fields:
FR± (z) = ∓FL∓(z) . (B5)
Using the transformation of bulk fields it is easy to demonstrate that the effective Lagrangian/action of our model is
P -parity invariant (some terms transform among themselves). In particular, we get
U−1P Ψ¯±,τ(t, ~x, z)Ψ±,τ(t, ~x, z)UP = −Ψ¯∓,τ(t,−~x, z)Ψ∓,τ(t, ~x, z) ,
U−1P Ψ¯±,τ (t, ~x, z) Dˆ±(z)Ψ±,τ(t, ~x, z)UP = Ψ¯∓,τ (t,−~x, z) Dˆ∓(z)Ψ∓,τ (t, ~x, z) ,
U−1P Ψ¯±,τ (t, ~x, z) Vˆ±(t, ~x, z)Ψ±,τ(t, ~x, z)UP = Ψ¯∓,τ (t,−~x, z) Vˆ∓(t,−~x, z)Ψ±,τ(t,−~x, z) ,
U−1P Ψ¯±,τ(t, ~x, z) Aˆ±(t, ~x, z)Ψ±,τ(t, ~x, z)UP = Ψ¯∓,τ (t,−~x, z) Aˆ∓(t,−~x, z)Ψ±,τ(t,−~x, z) , (B6)
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and therefore
U−1P LΨ(t, ~x, z)UP = LΨ(t,−~x, z) ,
U−1P LV+A(t, ~x, z)UP = LV+A(t,−~x, z) ,
U−1P Lint(t, ~x, z)UP = Lint(t,−~x, z) ,
U−1P S UP = S , (B7)
where S is the effective action of our approach. Note, in the consideration of the vector (axial) field we apply the
axial gauge V (A)z(x, z) = 0.
Charge conjugation of four-dimensional spinors, vector and axial fields is defined with the use of the corresponding
unitary operator UC as:
U−1C ψ(x)UC = C ψ¯
T (x) , U−1C ψ¯(x)UC = ψ
T (x)C ,
U−1C ψL/R(x)UC = C ψ¯
T
R/L(x) , U
−1
C ψ¯L/R(x)UC = ψ
T
R/L(x)C ,
U−1C Vµ(x)UC = −Vµ(x) , U−1C Aµ(x)UC = Aµ(x) , (B8)
where
C = iγ0γ2 , CT = C† = C−1 = −C . (B9)
C-transformations of AdS fields read as
U−1C ψ±(x, z)UC = ∓C γ5 ψ¯T∓(x, z) , U−1C ψ¯±(x, z)UC = ±ψT∓(x, z)γ5C ,
U−1C VM (x, z)UC = −VM (x, z) , U−1C AM (x, z)UC = AM (x, z) . (B10)
Therefore, one can straightforwardly prove that all terms of the effective action are C-invariant when the relation for
the bulk profiles (B5) holds, e.g.
U−1C ψ¯±(x, z)ψ±(x, z)UC = −ψ¯∓(x, z)ψ∓(x, z) ,
U−1C ψ¯±(x, z)Γ
MVM (x, z)ψ±(x, z)UC = ψ¯∓(x, z)Γ
MVM (x, z)ψ∓(x, z) ,
U−1C ψ¯±(x, z)Γ
MAM (x, z)ψ±(x, z)UC = −ψ¯∓(x, z)ΓMAM (x, z)ψ∓(x, z) ,
U−1C ψ¯±(x, z)Γ
M iΓzVM (x, z)ψ±(x, z)UC = − ψ¯∓(x, z)ΓM iΓzVM (x, z)ψ∓(x, z) ,
U−1C ψ¯±(x, z)Γ
M iΓzAM (x, z)ψ±(x, z)UC = ψ¯∓(x, z)Γ
M iΓzAM (x, z)ψ∓(x, z) , (B11)
etc. We therefore have U−1C S UC = S.
The T -parity transformation of four-dimensional spinors, vector and axial fields is defined with the use of corre-
sponding antiunitary operator UT as:
U−1T ψ(t, ~x)UT = T ψ(−t, ~x) , U−1T ψ¯(t, ~x)UT = −ψ¯(−t, ~x)T ,
U−1T ψL/R(t, ~x)UT = T ψL/R(−t, ~x) , U−1T ψ¯L/R(t, ~x)UT = −ψ¯L/R(−t, ~x)T ,
U−1T
(
V 0(t, ~x), V i(t, ~x)
)
UT =
(
V 0(−t, ~x),−V i(−t, ~x)
)
,
U−1T
(
A0(t, ~x), Ai(t, ~x)
)
UT =
(
A0(−t, ~x),−Ai(−t, ~x)
)
, (B12)
where
T = −γ1γ3 , T T = T † = T−1 = −T . (B13)
The T -transformations of the AdS fields read as
U−1T ψ±(t, ~x, z)UT = T ψ±(−t, ~x, z) , U−1T ψ¯±(t, ~x, z)UT = −ψ¯±(−t, ~x, z)T ,
U−1T
(
V 0(t, ~x, z), V i(t, ~x), 0
)
UT =
(
V 0(−t, ~x, z),−V i(−t, ~x, z), 0
)
,
U−1T
(
A0(t, ~x, z), Ai(t, ~x, z), 0
)
UT =
(
A0(−t, ~x, z),−Ai(−t, ~x, z), 0
)
. (B14)
Therefore, one can straightforwardly prove that all terms of the effective action are separately T -invariant and
U−1T S UT = S.
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Appendix C: Structure integrals in the AdS/QCD model
The Ci and Di functions defining the nucleon form factors are given by:
C1(Q
2) = D1(Q
2) =
∑
τ
cτ B(a+ 1, τ)
(
τ +
a
2
)
,
C2(Q
2) = −D2(Q2) = a
2
∑
τ
cτ B(a+ 1, τ) ,
C3(Q
2) = a
∑
τ
cτ B(a+ 1, τ + 1)
a(τ − 1)− 1
τ
,
C4(Q
2) =
2mN
κ
∑
τ
cτ (a+ 1 + τ)B(a+ 1, τ + 1)
√
τ − 1 ,
D3(Q
2) = a
∑
τ
cτ B(a+ 1, τ + 1)
a(τ − 1) + 2τ2 − 1
τ
, (C1)
where a = Q2/(4κ2) and
B(m,n) =
Γ(m) Γ(n)
Γ(m+ n)
(C2)
is the Beta function.
The slopes
C(D)′i(0) =
dC(D)i(Q
2)
dQ2
∣∣∣∣
Q2=0
(C3)
of the C(D)i functions are given by
C′1(0) = D
′
1(0) = −
1
8κ2
∑
τ
cτ
[
1
τ
+ 2
(
ψ(τ) − ψ(1)
)]
,
C′2(0) = −D′2(0) =
1
8κ2
∑
τ
cτ
τ
,
C′3(0) = −
1
4κ2
∑
τ
cτ
τ(τ + 1)
,
C′4(0) = −
mN
2κ3
∑
τ
cτ
√
τ − 1
[
1
τ
+ ψ(τ) − ψ(1)
]
,
D′3(0) =
1
4κ2
∑
τ
cτ
2τ2 − 1
τ(τ + 1)
, (C4)
where
ψ(τ) =
d log(Γ(τ))
dτ
=
1
Γ(τ)
dΓ(τ)
dτ
(C5)
is the Digamma function obeying the recurrence formula ψ(τ + 1) = ψ(τ) + 1/τ .
It is easy to see that the functions Ci(Q
2) and Di(Q
2) scale at Q2 →∞ as:
Casym1 (Q
2) = Casym2 (Q
2) = Dasym1 (Q
2) = −Dasym2 (Q2) =
1
2
∑
τ
cτ
Γ(τ)
aτ−1
,
Casym3 (Q
2) = Dasym3 (Q
2) = −
∑
τ
cτ
Γ(τ) (τ − 1)
aτ−1
,
Casym4 (Q
2) =
2mN
κ
∑
τ
cτ
Γ(τ + 1)
aτ
√
τ − 1 . (C6)
From these considerations it is clear that the leading twist τ = 3 contributions to the nucleon form factors scale as
FN1 (Q
2) ∼ 1
Q4
, FN2 (Q
2) ∼ 1
Q6
, GA(Q
2) ∼ 1
Q4
. (C7)
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fields in AdS and the electromagnetic matrix elements involving twist-3 partonic Fock states in nucleons.
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TABLE I: Mass and electromagnetic properties of nucleons
Quantity Our results Data [43]
mp (GeV) 0.93827 0.93827
µp (in n.m.) 2.793 2.793
µn (in n.m.) -1.913 -1.913
gA 1.270 1.2701
rpE (fm) 0.840 0.8768 ± 0.0069
〈r2E〉
n (fm2) -0.117 -0.1161 ± 0.0022
rpM (fm) 0.785 0.777 ± 0.013 ± 0.010
rnM (fm) 0.792 0.862
+0.009
−0.008
rA (fm) 0.667 0.67±0.01
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